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LASER  INTERACTION  IN  LONG-SCALELENGTH  PLASMAS 


I.  INTRODUCTION 

Cf  the  five  critical  elements  for  high-gain  laser-driven  fusion,^ 
coupling  efficiency  and  cold-fuel  isentrope  are  directly  related  to  laser 
absorption  in  the  underdense  plasma  surrounding  the  fuel  pellet.  Absorption 
efficiency  is  important  because  it  is  directly  related  to  the  overall  gain 
of  the  system.  Cold-fuel  isentrope  is  related  to  absorption  because  some 
absorption  mechanisms  preferentially  produce  energetic  particles  (>>  10  keV) 
vhich  may  penetrate  the  outer  pellet,  preheat  the  fuel,  and  prevent  the  high 
fuel  compressions  required  for  high-gain  systems. 

Classical  collisional  absorption  is  the  preferred  absorption  mechanism 

for  laser  fusion  because  it  results  in  a  low-temperature  (<5  keV)  thermal 

particle  distribution  of  the  absorbed  energy.  Moreover,  collisional  or 

inverse  bremsstrahlung  absorption  is  predicted  by  theory^  and  computer 

simulations^  to  provide  high  absorption  efficiency  in  the  large  underdense 

plasmas  expected  with  high-gain  pellets.  Unfortunately,  parametric 

instabilities  may  also  occur  in  these  larger  plasmas."*  For  example,  the 

stimulated  Brillouin  scattering  (SBS)  instability^  can  reduce  the  absorption 

efficiency  by  reflecting  the  incident  light  before  it  is  absorbed. 

Stimulated  Raman  scattering*’ and  the  tvo-plasmon  decay  {2a)  )  instability" 

F 

can  couple  laser  eners^  more  efficiently  into  the  plasma,  but  this  absorbed 


energy  is  preferentially  deposited  into  energetic  particles.  Finally, 


thermal^*^  and  pcnderomotive ^  self-focusing  are  enhanced  in  longer 
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scalelength  plasmas  and  self-focusing  can  increase  the  role  of  these 


parametric  instabilities. 

The  relative  importance  of  collisional  absorption  and  the  various 

parametric  instabilities  depends  upon  the  plasma  density  (n)  and  temperature 

(T)  and  the  plasma  scalelengths  for  density,  temperature,  and  velocity  (L  = 

n 

jn/Vnl,  =  It/Vt],  *  jti/^uj  ).  Presently  available  laser  systems  lack 
the  energy  required  to  produce  both  the  long  scalelength  and  high  density 
and  temperature  that  will  be  typical  of  plasmas  surrounding  large  high-  n 
pellets;  therefore,  the  relative  importance  of  the  various  absorption 
processes  in  present  experiments  is  likely  to  be  different  from  that  in 
high-gain  systems.  To  predict  whether  the  deleterious  effects  of  increa.  d 
plasma  instabilities  in  these  larger  plasmas  negate  the  beneficial  effects 
of  increased  collisional  absorption,  it  is  important  to  understand  the 
changing  roles  of  these  processes  as  plasma  scalelengths  are  increased. 

For  a  given  laser  energy,  mary'  clever  schemes  have  been  developed  to 
produce  longer  scalelength  plasmas  than  those  that  are  available  from  solid 
target  ablation however,  controlled  variations  of  plasma  scalelength 
have  not  been  incorporated  in  experiments  using  these  schemes.  Indirect 
evidence  for  increased  collisional  absorption  and  plasma  instabilities  at 
longer  scalelength  has  been  obtained  in  solid  target  experiments  by  l) 
varying  the  laser  pulse  duration, 2)  -/arying  the  focal  spot  size  for  a 
given  laser-target  configuration, and  3)  allowing  prepulses  to 

3  5  3  7 

irradiate  the  target  before  the  arrival  of  the  main  laser  pulse.  ~  As 

laser  systems  have  become  more  energetic,  larger  underdense  plasmas  have 

been  produced  with  L  /A  (A  is  the  laser  wavelength)  up  to  500  at  one-tenth 
*  n  ^ 

critical  density  (n^ /lO) .  In  these  longer-scalelength  plasmas. 
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increased  ei'fects  of  plasma  instabilities  have  bean  inferred  by  comparing 
results  with  those  of  shorter-scalelength  plasmas  produced  by  earlier  less 
energetic  laser  systems.*^^ 

In  the  present  work,  the  first  experimental  studp'  of  laser  absorption 
with  controlled  variations  of  plasma  scalelength  is  reported.  A  novel 
configuration  of  two  laser  beams  is  used  which  allows  the  production  of  a 
long-scalelength  plasma  by  one  beam  and  the  subsequent  irradiation  of  that 
plasma  by  a  second,  high-intensity  pulse.  Underdense  plasmas  with 
to  UOO  at  n^/10  can  be  produced.  These  scalelengths  are  comparable  to  those 
produced  by  single-beam  irradiations  with  much  larger  lasers. Moreover, 
the  scalelength  of  the  plasma  may  be  varied  independently  of  the  focal 
condition  of  the  high-intensity  beam.  This  is  advantageous  because 
parametric  instabilities  which  are  preferentially  excited  in  localized 
regions  of  higher  intensity  or  "hot  spots"  within  the  focal  distribution 
remain  unchanged  with  the  scalelength  variations  in  the  present  experiment. 
In  experiments  where  the  plasma  scalelength  is  varied  by  changing  the  focal 
condition  of  the  intense  beam  or  by  comparing  results  from  different 
lasers,  ambiguities  can  arise  because  these  hot  spots  can  vary  greatly 
between  different  focal  conditions  of  a  given  laser  system  or  between 
different  laser  systems. 

The  experimental  arrangement  used  to  produce  long-scalelength  plasmas 
in  described  in  Sec.  II.  In  the  remainder  of  the  paper  we  discuss  the 
interaction  of  high-intensity  laser  beams  with  long-scalelength  plasmas  and 
derive  results  which  may  impact  high-gain  pellet  designs.  Scattered  light 
measurements  are  discussed  in  Sec.  Ill,  and  an  increase  in  backscattared 
light  is  found  to  limit  absorption  efficiency  at  longer  scalelength.'^'* 
Surprisingly',  the  increase  in  backscatter  with  scalelength  is  not  as  rapid 
as  might  have  been  expected  from  linear  theory  with  a  constant  noise  source; 


this  can  be  explained  by  observed  reductions  in  specular  scatter,  which  xay 

be  the  noise  source  for  3BS  growth,  at  longer  scalelength.  Measursnents  of 

energetic  x-rays,  indicative  of  supratheroial-electrcn  production,  are 

presented  in  Sec.  IV.  An  increase  in  supratherrsl  electrons  at  the  longer 
scalelengths'*^  is  attributed  to  parametric  instability  at  cuarter-critical 

density  (n^/4).  Finally,  perturbation  of  the  preformed  long-scalelength 

plasma  by  the  high  intensity  laser  beaja  and  the  consequent  self-focusing 
are  described  in  Sec.  V.  The  implications  of  all  of  these  results  are 
summarized  in  Sec.  VI. 

In  the  parameter  regime  investigated  here,  the  deleterious  effects  of 
plasma  instabilities  seem  to  outweigh  the  beneficial  increase  in  collisional 
absorption  that  is  observed.  While  a  direct  extrapolation  of  the  results  of 
this  experiment  to  high -gain  systems  must  be  done  with  some  care,  the 
observed  effect  of  plasma  instabilities  should  be  useful  to  benchmark 
computaticnal  and  theoretical  models  that  are  used  to  extrapolate  to  larger 
sy Soens • 

II.  EXPERIMENTAL  SETUP 

A.  Simultaneous  Production  of  Long-Scalelength  Plasma  and  High  Laser 
Intensity 


To  produce  long-scalelength  plasmas  with  centra 
scalelengths  ,  planar  targets  of  polystyrene  [(SH)^ 
angle  of  incidence  by  one  beam  of  a  two-beam,  needy 
=  l.C5e  Um)  system.  This  beam  has  a  long  pulse-dur' 
irradiates  a  large  focal  area  at  the  target  (9C5  of 


lied  and  variable 
are  irradiated  at  a  b 
,iun  (Md)  glass  laser 
tier.  (L-r.sec  F’.VM!)  and 
the  energy  lies  within 


0 


a 


4 


diameter  =  I080  Um),  giving  a  peak,  irradiance  of  about  6x10^  W/cm‘'.  Tc 


vary  the  scalelength  of  the  plasma  in  a  controlled  way,  this  bean  is 


apertured  in  the  near-field  to  reduce  d^  at  the  target.  The  increased 


90 


lateral  hydrodynamic  expansion  from  the  reduced  focal  spot  on  target  leads 
to  a  reduction  in  the  underdense  plasma  scalelength,  as  shown  in  Sec.  II  B. 
Three  apertures  are  used  in  the  present  study,  corresponding  to  focal 
diameters  of  360,  6^*0,  and  1C80  Mm.  These  will  be  referred  to  as  short, 
medium,  and  long-scalelength  background  plasmas,  respectively.  By  using  a 
nearly  constant  peak  intensity  of  this  beam,  the  temperature  of  the 
preformed  plasma  (as  confirmed  by  computer  simulation  and  time-integrated 
and  time  resolved  continuum  x-ray  spectra)  remains  nearly  the  same  as  the 
scalelength  is  varied. 

To  study  the  laser-plasma  interaction  at  high  irradiance,  the  second 
beam  of  the  laser  system  is  tightly  focused  (50f«  of  the  energy  is  within  d 


5C 


=  90  Mm)  and  aligned  along  the  central  axis  of  the  first  beam,  as  shown  in 


Fig.  1.  Vacuum  intensities  (averaged  over  d^^)  from  10^**  to  10^^  W/cm^  are 


produced  for  incident  energies  between  U  and  kO  Joules.  Incident  energies 
are  quoted  in  the  text  because  the  actual  intensities  in  the  plasma  may  be 
altered  by  self-focusing  as  discussed  in  Sec.  V  3.  The  second  beam  is 
synchronous  with  the  peak  of  the  first  beam  and  has  a  reduced  pulse  duration 
(0.3-nsec  FWHM)  to  minimize  the  hydrodynamic  perturbations  of  the  background 
plasma.  Initially,  the  two  laser  beams  have  orthogonal  linear 
polarizations,  but  passage  through  a  quarter-wave  plate  produces  opposite 
circular  polarizations  at  the  target  and  converts  circularly'  solarized 


backscatter  into  linear  polarization  before  detection 


3.  Characterization  of  the  Background  Plasma 


Tvo-dimensional  hydrodynamic  calculations  are  used  to  predict  density, 
temperature,  and  velocity  profiles  of  the  background  plasma,  as  shown  in 
Pigs.  2-4.  The  computer  code  used  for  these  calculations  is  an  Eulerian, 
one-temperature  fluid  model  than  solves  the  equations  of  fluid  motion  in 
cylindrical  coordinates.  It  includes  both  classical  thermal  conduction  and 
collisional  absorption  by  inverse  bremsstrahlung.  The  absorption  is 
performed  along  straight  ray  paths  normal  to  the  target  using  the 
cylindrically  averaged,  radial  intensity  pattern  that  is  determined 

4  7 

experimentally  on  every  laser  shot  in  an  equivalent  focal  plane. 

Interferometric  measurements  provide  an  experimental  check  of  the 
background-plasma  density  profiles  up  to  quarter-critical  density  (n^/U). 
These  measurements  are  made  along  an  axis  orthogonal  to  the  target  normal 

using  a  short  pulse  (0.3-nsec  of  the  third  harmonic  =  3513  of 

the  incident  laser.  Abel  inversion  of  the  interferograms  yields  on-axis 

density  profiles  up  to  as  shown  in  Pigs.  2A-C,  In  Figs.  2A  and  23,  the 

apparent  shift  of  the  interferometric  data  to  smaller  distances  z  than  the 
calculated  profiles  is  not  significant;  a  slight  curvature  of  the  target  or 
small  errors  in  target  tilt  relative  to  the  interferometric  axis  (given  the 
size  target  foils  used)  could  cause  errors  in  locating  the  absolute  position 
cf  Che  target  (z=0).  The  shapes  of  the  measured  density  profiles,  however, 
confirm  the  code-predicted  density  scalelengths  for  the  three  background 
plasmas  at  densities  n  <  n^/1. 

Confirmation  of  the  calculated  temperature  profile  and  the  density 
profile  up  to  n  =  2n_^  in  the  Icng-scalelength  background  plasma  is  obtained 
from  x-ray  spectroscopic  measurements.  The  data  shown  in  Figs.  2C  and  2C 
are  obtained  by  spot  spectroscopy^^”**^  with  aluminum  tracer  dots.  Cnl;'  the 


longest  scalelength  plasma  can  be  diagnosed  in  this  mannner;  the  more  rapid 
change  of  plasma  parameters  seen  by  ions  flowing  through  the  medium  in  short 

scalelength  plasmas  invalidates  the  interpretation  of  the  spectroscopic  line 

5  0 

ratios  used  to  measure  the  density  and  temperature  for  tnese  plasmas  . 
Spectroscopic  densities  are  within  a  factor  of  two  of  those  from  the  code 
and  interferometi^'-.  At  least  some  of  this  discrepancy  may  be  explained  by 
the  averaging  of  the  spectroscopic  diagnostic  over  the  laser  pulse,  in 
contrast  to  the  instantaneous  values  at  the  peak  of  the  pulse  from  the  code 
and  interferometry.  The  underdense-plasma  scalelengths  from  all  three  of 
these  techniques  are  in  essential  agreement. 

III.  SCATTERED  LIGHT  AIJD  ABSORPTION  EFFICIENCY 

Experimentally,  the  absorption  of  the  high-intensity  beam  is  inferred 
from  measurements  of  scattered  light.  Light  scattered  outside  the  incident 
lens  cone  is  attributed  to  specular  reflection  of  non-absorbed  light  at  the 
critical -density  surface,  as  discussed  in  Sec.  Ill  A.  Stimulated  Brillouin 
scattering  (SBS)  is  believed  to  be  responsible  for  light  directly 
backscattered  through  the  lens,  as  outlined  in  Sec.  Ill  B.  In  Sec.  Ill  C, 
comparisons  are  made  between  experimental  absorption  fractions  and  the 
predictions  of  the  hydrodynamic  computer  model.  The  variation  of  absorption 
with  plasma  scalelength  is  discussed  in  Sec.  Ill  D. 

A.  Scattered  Light  Cutside  the  Lens  Cone 

Scattered  light  at  angles  cutside  the  incident  focal  cone  is  measured 
with  an  array  of  five  diodes  with  subnancseccnd  response  tim.e:  four 
detectors  are  deployed  on  one  side  of  the  specular  angle(l2'")  in  the  plane 


of  incidence  of  the  laser,  and  a  fifth  detector  samples  light  on  the  ether 
side.  If  we  assume  symmetry/'  about  the  specular  direction,  angular 
distributions  of  the  scattered  light  are  determined,  as  shown  in  Fig.  5. 

'vith  this  assumption,  integrations  over  angle  yield  the  total  reflectivity 
of  light  outside  the  incident  focal  cone,  as  shown  in  Figs.  5B-D.  The 
intensity  of  this  light  increases  with  increasing  laser  energy  and  decreases 
with  increasing  background  plasma  scalelength. 

The  data  in  Fig.  5  are  consistent  with  the  hypothesis  that  this  non- 
abserbed  light  has  been  specularly  reflected  from  the  critical-density 
surface.  The  decreased  reflectivity  at  the  longer  scalelength  can  be 
explained  by  increased  collisicnal  absorption,  which  reduces  the  penetration 
of  incident  light  to  critical  density  and  reflected  light  to  the  detectors. 
The  increase  in  reflectivity  at  higher  incident  energies  can  be  explained  by 
increased  plasma  heating,  which  reduces  collisional  absorption.  This 
hypothesis  is  supported  by  predictions  of  collisional  absorption  by 
hydrccode  calculations  (as  discussed  in  Sec.  Ill  C);  observed  levels  of 
light  scattered  outside  the  lens  are  close  to  code  predictions  for  specular 
scatter  of  nen-absorbed  light. 


c.  Backscattered  Light 


Laser  light  backscattered  through  the  incident  f/c."^  lens  is  observed 
with  both  time-resolving  and  time-integrating  detectors.  A  photodiode  with 
a  risetime  of  1.7  nsec  distinguishes  the  short-pulse  backscatter  from  zhe 


lower-level,  Icnger-auraticn  backscatte 
reflectivities  cucted  in  this  paper  are 
the  short  pulse  backscatter  because  the 
pulse.  T-^o  calorimeters  are  used 


of  the  background  beam.  Tne 
cased  upon  integrated  onerties  of 
detector  cannot  time-resclve  tne 


in  conjunction  witn  a 


short 


eaasplitter  to  determine  the  total  backscattered  energy  in  each  of  two 
clarizations .  The  short -pulse  tackscatter  is  found  to  be  preferentially' 

olarioed  '.^ith  the  same  polarisation  as  that  of  the  high-intensity  beam, 
nlike  the  unpolarized  hackscatter  of  the  background  beam,  lackscatter 

aflectivities,  shewn  in  Tig.  6,  increase  'with  increasing  incident  short 
ulse  energy  up  to  15  Joules,  but  decrease  'with  further  increase  of  the 
ncident  energy. 

Three  observed  properties  of  the  hackscatter  are  consistent  with 
roducticn  by  Stimulated  Brillouin  Scattering ( SBS ) :  i)  the  backscattered 
ight  has  the  polarization  of  the  incident  beam,  2)  the  reflectivities  (at 
east  at  low  incident  energies)  increase  'with  incident  energy/,  and  3)  the 
ate  of  this  increase  becomes  larger  with  longer  background-plasma 
calelength.  However,  two  other  characteristics  of  the  hackscatter  seem 
nconsistent  with  SES :  l)  at  higher  incident  energies,  the  reflectivity 
ecreases  'with  increasing  energy/,  and  2)  the  hackscatter  reflectivity  in  the 
cng-scalelength  plasma  is  only  about  twice  that  in  the  short-scalelength 
lasma,  although  the  number  of  linear  SBS  e-foldings  should  be  nearly/' 
rcpcrticnal  to  the  plasma  scalelength. 

The  decrease  in  hackscatter  reflectivity  at  the  higher  incident 
nergies  may  be  consistent  'with  SES  if  strong  plasma  perturbations  at  the 
igher  incident  energies  are  taken  into  account.  An  axial  shock  produced  by 
he  increased  mass  ablation  rate  is  predicted  by  the  hydrodynamic  code  at 
he  higher  incident  energies  (see  Sec.  V  A).  Abrupt  changes  in  the  plasma 
low  velocity'  and  reduced  plasma  scalelengths  that  result  from,  this  shock 
ou..d  reduce  the  Brillouin  growth  length  and  thereby  the  Brillouin 
ackscatter.  Turthermore,  the  possible  effect  on  SBS  of  self-focusing  at 
he  hiwher  incident  energies  .see  Sec.  ‘<’3  and  Ref.  u6;  is  difficult  to 


assess.  An  increased  angular  spread  of  the  oackscatter  may  occur,  causing  a 


reduction  in  the  reflectivity  observed  through  the  incident  lens.  The 


overflow  of  backscattered  light  into  angles  just  outside  ohe  incident  lens 


:cne  cannot  be  riled  out  because  scattered  light  is  not  monitored  there  (th'; 


location  of  the  diode  nearest  the  lens  cone  can  be  seen  from  Fig.  5A  to  be 


about  7*^  from  the  edge  of  the  lens  cone). 


The  second  apparent  inconsistency  with  SBS,  the  fact  that  the 


backscatter  reflectivity  merely  doubles  as  the  plasma  scalelength  doubles. 


can  also  be  explained.  A  simple  model  for  calculating  Brillouin 


backscatter,  described  in  detail  in  Appendix  I,  predicts  that  the 


:heoretical  number  of  e-foldings  in  the  long-scalelength  plasma  is  2.6 


greater  than  that  calculated  for  the  short-scalelength  plasma.  However, 


:hi3  large  difference  in  Brillouin  growth  may  be  partially/-  offset  by  a 


difference  in  the  ncise  level  from  which  the  instability  grows.  Specularly 


scattered  light,  a  likelj^  noise  source  for  SES  growth,  is  reduced  in  the 


long-scalelength  plasma  'oy  about  one  order  of  magnitude  relative  to  the 


level  in  the  short-scalelength  case.  As  explained  in  Appendix  I,  the  number 


;f  e-fcldings  required  to  amplify  the  experimentally  observed  specular 


reflection  up  to  the  level  of  the  observed  backscatter  is  within  the  10^ 


uncertainty  of  the  number  of  SBS  e-folds  that  is  theoretically  predicted  for 


both  the  long  and  short-scalelength  plasmas.  For  the  short-scalelength 


plasmas,  6.1  linear  e-folds  would  be  required  to  amplify  the  specular  level 


of  1.25x10“'*  (this  is  the  portion  of  the  measured  specular  scatter  that 


reflects  into  the  incident  focal  cone)  up  to  the  observed  5.ff»  backscatte: 


.evel  at  5J  or  IC*"*  W/cm*^  (in  vacuum);  this  is  very  close  to  the  6.6  e-folds 


of  SES  growch  that  is  calculated  for  conditions  of  the  short-scalelength 


plasma.  Similarly,  it  is  found  that  e-folds  voula  be  needed  to  account 


for  the  c%  backscatter  reflectivity  at  10*’'*  W/cm"^  in  the  long-scalelength 


-"m  ^  ^ 
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plasma,  given  the  reduced  specular  level  in  that  case.  This  compares  well 
with  the  1C. 2  e-folds  calculated  in  Appendix  I  for  the  long-scalelength 
plasma.  Thus,  the  observed  increase  in  backscatter  with  plasma  scalelength 
is  entirely  consistent  with  3ES  theory  if  the  noise  source  for  S3S  growth  is 
specularly  reflected  light. 

Of  course,  this  interpretation  assumes  that  the  high-intensity  beam 

does  not  self-focus  at  these  low  incident  energies.  Experimentally,  self- 

focusing  is  inferred  from  images  only  for  E  >  l4  J  (see  Sec.  VB  and  ref. 

U6);  however,  steady-state  beam  propagation  calculations  that  agree  with 

these  experimental  observations  also  suggest  self-focusing  at  lower 

energies.”*®  It  is  not  possible,  therefore,  to  absolutely  rule  out  self- 

focusing  as  a  factor  in  this  study.  Self-focusing  complicates  the 

backscatter  interpretation  because:  1)  near  a  focus,  self-focusing  both 

increases  the  SBS  gain  coefficient  due  to  the  increase  in  intensity  and 

reduces  it  due  to  the  decrease  in  density  and  increase  in  temperature,  2) 

the  SBS  gain  coefficient  may  also  be  reduced  in  regions  where  the  beam 

intensity  is  reduced  due  to  divergence  from  a  focus,  which  might  have  been 

the  optimal  SBS  gro'wth  regions  before  self-focusing,  and  3)  the  total  number 

of  SBS  a-foldings,  due  to  the  integration  of  the  gain  coefficient  over  the 

interaction  region,  may  be  reduced  if  the  depth-of-focus  of  the  self- 
focusing  limits  the  interaction  region  more  severely  than  the  inhomogeneity - 

induced  phase  mismatch,  'vhether  the  net  effect  of  self-focusing  is  to 

increase  or  decrease  SBS  depends  upon  the  complicated  interplay  between 


VJI 


r;ie  axperimentaily  defined  absorption  fraction  for  the  short  pulse  is 
riven  as  n  =  1-R-S,  vhere  where  R  is  the  reflectivity  of  backscatter 
through  the  lens  (see  Sec.  Ill  3)  and  3  is  the  integrated  reflectivity  over 
ether  angles  (see  Sec.  Ill  A).  Values  of  n  inferred  from  the  data  of  Figs. 

and  6  are  displayed  in  Fig  7.  Unfortunately,  the  configuration  of  the 
experiment  precludes  a  direct  check,  of  these  absorption  fractions  by  plasma 
calorimetry.  The  quantity  of  interest,  the  absorbed  energy  due  to  the 
short-pulse,  high-intensity  beam,  is  buried  within  the  larger  amount  of 
energy  associated  with  the  long-pulse  beam. 

These  experimental  absorption  fractions  are  compared  with  values  from 
the  hydrodynamic  simulations.  Because  the  code  does  not  treat  plasma 
instabilities,  the  incident  energy  used  in  the  simulations  is  reduced  by  the 
.tbser'.-ed  backscatter  in  order  to  model  reflections  that  occur  in  the 
underdense  plasma.  Thus,  an  energy  S'  =  S(l-R)  is  used  to  model  an 
experiment  with  an  incident  laser  energy  S.  The  simulation  indicates  that  a 
fraction  f  of  the  energy  S'  is  collisionally  absorbed  and  the  remainder  is 
specular!;'  reflected.  For  comparison  with  the  experimental  absorption 
fraction  n,  it  is  necessary  to  calculate  the  ratio  of  the  absorbed  energy 
f'Z'  to  the  incident  energ;'  S;  this  gives  the  code-predicted  absorption 
fraction  f  =  f'(l-R).  These  calculated  absorption  fractions  are  compared  to 
the  experimental  values  in  Fig.  t.  The  calculated  absorption  fractions  are 
consistent  with  or  slightly  smaller  than  the  experimental  values,  but  by  no 
more  than  lOfG  of  the  incident  energ;/-.  The  near  agreement  bet'rf'een  the 
calculated  absorption  fractions  f  and  the  experimental  absorption  fractions 
1  indicates  that  the  absorption  of  non-backscattered  light  can  be  attributed 


almost  entirely  to  ccllisional  absorption.  There  are  at  least  three 


possible  explanations  for  experimental  absorption  fractions  that  slightly 


exceed  the  calculated  fractions:  l)  with  the  limited  number  of  detectors, 
some  of  the  scattered  light  might  not  be  detected,  causing  an  overestimate 
of  the  experimental  absorption  fractions,  2)  the  calculations  might 
underestimate  the  collisional  absorption  since  the  code  results  have 
slightly  higher  temperatures  than  are  measured  (see  Sec.  V  A),  and  3) 
absorption  mechanisms  other  than  collisional  absorption  n^'  be  operative. 
None  of  these  alternatives  significantly  affects  the  inferred  absorption 
fractions,  although  item  (3)  raises  concern  about  the  generation  of 
suprathermal  electrons  by  the  additional  absorption  mechanism{ s ) ,  as 
discussed  in  Sect.  IV. 


D.  Variation  of  Absorption  with  Plasma  Scalelength 


The  overall  absorption  efficiency  in  the  experiment  does  not  vary 

significantly  with  plasma  scalelength,  as  indicated  in  Figs  TA-C.  As 

discussed  in  Sec.  Ill  C,  the  absorption  fractions  can  be  almost  entirely 

explained  by  a  combination  of  classical  absorption  and  a  backscatter 

instability  in  the  underdense  plasma.  The  important 

variation  of  absorption  with  plasma  scalelength  becomes  evident  upon 

examination  of  the  relative  role  of  these  two  processes  in  determining  the 

overall  absorption  efficiency. 


For  example,  at  E  =  12  J  (corresponding  to  a  vacuum  irradiance  of 
3x10*"*  W/cm‘^j,  Figs.  8A  and  8E  show  that  the  backscatter  reflectivity  R  an 
specular  reflectivity  3  are  10.8%  and  9%,  respectively,  for  the  short- 
scalelength  plasma.  Therefore,  these  two  effects  are  contributing  nearlp' 
equally  in  limiting  the  overall  absorption  n  =  l-  R-  Sto  80%.  Hz-en  if 
there  were  no  backscatter,  the  imperfect  efficiency  of  collisional 
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absorption  would  prevent  total  absorption  of  the  incident  laser  lie'nt.  A 
different  pic'cure  emerges  at  long  scalelength,  where  the  cackscatter 
reflectivity  R  =  iSfa  and  specular  reflectivity  S  =  at  E  •=  12  J. 

Without  cackscatter,  the  increased  efficiency  of  collisicnal  absorption  1  - 
S  would  cause  nearly  total  absorption  of  the  incident  laser  bean. 

Therefore,  the  backscatter  reflectivity  R  has  become  the  dominant  factor  in 
limiting  the  total  absorption  n  =l-R-Sto  3C®  in  the  long-scalelength 
case. 

A  naive  extrapolation  of  the  trend  of  Figs.  3A  and  8B  to  even  longer 

scalelengths  would  imply  that  the  increased  backscatter  would  begin  to 

drastically  reduce  the  overall  absorption  efficiency  despite  an  increasing 

effectiveness  of  collisicnal  absorption  (unless  collisional  absorption 

became  so  efficient  at  low  densities  that  it  reduced  the  incident  intensity 

in  the  SBS  growth  region).  However,  the  importance  of  the  noise  source  for 

S3S  from  Sec.  Ill  B  must  be  remembered.  Because  noise  sources  can  decrease 

at  longer  plasma  scalelengths,  simple  extrapolation  of  the  present  results 
is  not  possible;  in  fact,  as  the  levels  of  specular  reflection  decrease  due 

to  increased  collisional  absorption,  entirely  different  noise  sources  such 

as  enhanced  acoustic  turbulence  may  become  dominant. 

17.  GENERATION  OF  ENERGETIC  ELECTRONS 

Even  though  collisional  absorption  can  account  for  most  of  the  observed 
absorption,  other  mechanisms,  as  mentioned  earlier,  may  preferentially 
deposit  energy/"  in  energetic  electrons.  Even  a  small  fraction  of  energetic 
electrons,  while  not  important  from  the  standpoint  of  absorption  efficiency, 
may  cause  unacceptable  levels  in  f’.ael  preheat.  The  exact  level  of 
acceptable  preheat  depends  upon  the  details  of  specific  ICF  pellet  designs; 


however,  as  little  as  0.1%  of  the  incident  laser  energy  deposited  into  a 
Maxwellian  distribution  of  suprathermal  electrons  of  sufficient  temperature 
ma^-  lead  to  unacceptable  preheat.^ 

A.  X-RA.Y  SrSCTRA 

To  determine  the  level  of  energetic-electron  production  in  this 
experiment,  temporally  and  spatially  integrated  spectra  of  the  continuum  x- 
ra;y'  emission  are  measured.  Arrays  of  detectors  with  K-edge  filters are 
used:  seven  PIN  diodes  for  the  1-10  keV  spectral  region  and  seven 
scintillator-photomultipliers  for  the  20-115  heV  region.  Measurements  are 
made  at  120^  to  the  incident  laser-team  direction,  and  isotropic  emission 
into  sr  is  assumed.  The  three  detectors  recording  x  rays  greater  than  50 

keV  measure  only  background  levels.  X-ray  spectra  are  unfolded  from 
measurements  below  50  keV,  and  electron  temperatures  are  extracted  from  the 

slopes  of  the  spectra.  Two  such  spectra  are  shown  in  Fig.  9»  corresponding 
to  a  fixed  short-scalelength  background  plasma  but  different  short-pulse 
laser  energies.  Because  the  detectors  are  time-integrating,  the  low  energy 
x-ray  emission  is  biased  by  the  ij-nsec  pulse  which  generates  the  background 
plasma  and  contains  a  large  fraction  of  the  incident  laser  energy. 
Consequently,  the  spectra  in  Fig.  9  are  quite  similar  at  low  x-ray  energy 
although  at  -che  high  short -pulse  energy  there  is  consistently  higher  x-ray 
emission  as  should  be  expected  since  the  short-pulse  energy  is  approaching 
that  of  the  background  beam  energy.  Average  values  of  the  thermal  electron 
temperature,  determined  from  slopes  of  the  1  to  3  keV  spectral  region  at  low 
short-pulse  energy  are  285,  3C0,  and  325  eV  for  the  short,  medium,  and  long 
scalelength  plasmas,  respectively.  These  temperatures  are  nearly  equal,  as 


predicted  by  hydrodynamic  calculations,  because  the  irradiance  of  the  U-nsec 
pulse  is  held  nearly  constant  as  the  scalelength  is  changed. 

Snergetic  electron  production  is  inferred  from  a  high-energy  tail  on 
the  continuum  x-ray  spectrum.  This  emission  is  sensitive  to  the  short-pulse 
laser  energy,  as  shown  in  T’ig.  9.  the  low-energy  case  (7.6  J, 
corresponding  to  1.9  x  10^**  w/cm^  in  vacuum),  this  emission  is  less  than 
experimental  detection  limits,  as  shown  by  the  dashed  line  in  Fig.  9*  Hie 
1-nsec  laser  pulse  gives  no  detectable  high-energy  emission  because  it  is  at 
too  low  an  irradiance.  At  higher  short-pulse  energy  (e.g.,  21  J, 
corresponding  to  5.3  x  10'’**  w/cm^  in  vacuum),  x-rays  with  energies  greater 
than  20  keV  are  observed,  indicative  of  the  presence  of  suprathermal 
electrons.  This  emission  increases  with  laser  energy  as  well  as  with 

background-plasma  scalelength,  as  discussed  below. 

The  exponentially  falling  high-energy  tail  of  the  x-ray  emission  is 

characterized  by  a  hot-electron  temperature  (T^)  derived  from  the  slope  of 
the  20  to  50  keV  region  of  the  x-ray  spectrum  and  by  the  total  enerQr  (E^q) 
defined  as  the  integrated  x-ray  flux  above  20  keV,  Values  of  T,^  are  pre¬ 
sented  in  Fig.  10  as  a  function  of  the  short-pulse  laser  energy  (the  corres¬ 
ponding  vacuiim  intensity  is  shown  at  the  top  of  the  fig'are)  for  all  three 
scalelengths.  These  temperatures  range  from  6  to  10  keV  and  have  little 
dependence  on  laser  energy.  Average  values  at  the  three  scalelengths  are 
indicated  in  Fig.  10,  and  no  more  than  a  weak  dependence  on  the  scalelength 
is  cbser'/ed. 

On  the  other  hand,  the  intensity  of  the  energetic  x-ray  emission,  shown 
in  Fig.  11,  has  several  distinctive  features  in  its  dependence  on  short- 
pulse  energy  and  plasma  scalelength.  Two  thresholds  are  evident  in  the 
variation  of  first,  with  increasing  short-pulse  energy  at  short  scale- 

length  and  second,  with  increasing  plasma  scalelength  at  low  short -pulse 


energy  (see  rig.  ^.0.1,  At  short  scalelength,  2^^  increases  rapidly  at  an 
apparent  threshold  at  ^  5  J  corresponding  to  a  vacuum  irradiance  cf  *1x10^** 
W/ea'^.  Above  20  J,  increases  less  rapidly  in  the  short-scalelength 
plasma.  At  long  scalelength,  energetic  x-rays  are  detected  even  for  laser 
energies  less  than  5  <1,  so  there  is  a  threshold  vith  increasing  plasma 
scalelength  for  x-ray  production  at  low  incident  energy.  At  higher  energy 
(e.g.,  20  J,  corresponding  to  a  vacuum  intensity  of  5  x  10'’^  w/cm^),  E^q  is 
nearly  constant  as  the  scalelength  is  increased;  however,  there  is  con¬ 
siderably  more  scatter  in  the  measurements  at  longer  scalelength  and  higher 
laser  energy. 


The  fraction  cf  laser  energy  deposited  in  hot  electrons  is  evaluated 

from  the  measured  energetic  x-ray  intensities  and  hot-electron  temperatures. 
The  fraction,  f^,  is  defined  as  the  fraction  of  the  incident  laser  energy 

(E^ )  which  is  contained  in  the  entire  Jiaxwellian  distribution  of  the 

energetic  electrons  characterized  by  T^,  If  one  assumes  that  the 

high-energy  x-ray  spectrum  is  produced  by  thick-target  bremsstrahlung^^  from 

electrons  which  impact  the  target  and  that  one-half  cf  the  generated 

energetic  electrons  are  directed  into  the  target,  one  finds: 

*h  "  E2Q(ergs/sr)/lE^ZC(T,^)] 

where  C(T^)  =  T^  iexp(-20/T^)-exp(-50/T,^)  1 ,  T,^  is  in  keV,  and  Z  is  the  atomic 
number  of  the  target.  Eor  polystyrene  targets  in  this  experiment  Z  =  3.5- 

Values  of  f^  are  presented  in  Eig,  12  as  a  function  of  the  scalelength 
at  n^/U  since  quarter-critical  processes  are  a  likely  source  of  the 
energetic  electrons  (see  next  section).  Results  are  presented  for  both  high 
(20  J)  and  low  (7  Z )  short-pulse  energies.  At  high  energy,  the  hot-electron 
fraction  is  not  sensitive  to  the  change  in  the  preformsd-plasma  scalelength 
at  n^/^.  Man^'  speculative  explanations  may  be  offered  for  this  observation. 


but  at  these  higher  energies  the  pertubaticn  of  the  plasma  by  the  short 


pulse  (Sec.  V  and  Ref.  53)  and  the  occurrence  cf  self-focusing  (Sec.  V  3 
and  Ref.  greatly  complicate  the  interpretation.  Profile  steepening  in 

the  underdense  region  may  occur  so  that  differences  in  scalelength  that 
initially  existed  at  in  the  background  plasma  are  no  longer  present. 

Also,  at  higher  energy,  n^  processes  may  be  significant  because  more 
incident  light  reaches  n^  in  hotter  plasmas.  Purther  studies  are  required 
to  identify  the  process (es)  which  generate  suprathermal  electrons  at  higher 
energy  in  these  experiments. 

At  low  energy  (T  J)j  a  threshhold  is  apparent  in  Fig.  12  between  the 

short  and  medium  scalelength  conditions.  In  contrast  tc  the  result  at  high 

energy',  the  hot-electron  fraction  increases  with  increasing  scalelength  at 

as  one  would  expect  if  the  hot  electrons  were  due  to  a  plasma 

instability  at  that  density.  Furthermore,  the  observations  at  low  energy  do 

not  seem  consistent  with  hot-electron  production  by  processes  at  n^.  The 

scalelengths  at  are  calculated  by  the  hydrocode  to  be  nearly  the  same  for 

the  three  focal  conditions  (an  entirely  reasonable  result  because  the 

critical  surface  is  too  close  to  the  target  to  be  significantly  affected  by 

the  2-D  expansion  that  is  causing  the  scalelength  variations  in  the 

underdense  plasma  f’urther  from  the  target).  With  constant  scalelength, 

differences  in  hot-electron  production  at  n  should  be  due  to  changes  in  the 

c 

amount  cf  laser  light  that  penetrates  to  that  density.  Less  light  reaches  n^ 
in  the  long-scalelength  plasma  than  in  the  short-scalelength  plasma  (22%  vs. 
52%  according  to  rydrccode  calculations),  so  one  would  expect  fewer  hot 
electrons  to  be  generated  at  with  increasing  scalelength.  The  measured 
variation  is  Just  the  opposite  and  supports  hot-electron  production  by  an 


underdense  process  at  lew  short-pulse  energies. 


B.  2^J2  DATA  AND  CORRELATION  WITH  X-RAY  DATA 
0 

Tc  test  for  hot-electron  production  by  instabilities,  measurements 

correlating  energetic  x-rays  vith  light  were  made  for  lew  short-pulse 

energies. The  light  emitted  in  the  plane  of  incidence  at  angles  of 

30^  and  ^5*^  with  respect  to  the  laser  axis  (2l^  and  35^  relative  to  the 
target  normal)  was  coupled  to  either  filtered  photodiodes  to  give  good  time 

resolution  (0.35-nsec  risetime)  or  to  a  spectrograph  and  optical 
multichannel  analyzer  (OMA)  to  give  temporally  integrated  spectra. 

The  observed  duration  of  this  emission  is  limited  by  detector  risetime  which 
indicates  that  the  3‘^^/2  light  is  associated  with  the  high-irradiance  short 
laser  pulse  rather  than  with  the  low-irradiance  1-nsec  pulse.  Spectra  of 

3^^/2  emission  measured  with  the  OMA  are  presented  in  Fig.  13.  These 

spectra  exhibit  the  characteristic  two-peaked  distribution  (centered  near 
3<^^/2)  that  is  usually  attributed  to  processes  involving  plasma  waves  driven 
by  the  2^^  instability.  Increased  spectral  broadening  with  increasing  laser 
energy  is  apparent.  For  the  photodiode  detectors,  the  filter  transmission 
is  sufficiently  broad  to  provide  relative  intensities  of  the  3<^^/2  emission 
without  correcting  for  variations  in  the  spectrium. 

The  results  of  these  3'*‘g/2  intensity  measurements  for  short  and  long 
plasma  scalelengths  are  compared  with  energetic  x-ray  measurements  in  Fig. 
14.  For  short  scalelength,  a  detection  threshold  for  energetic  x-rays  is 
observed  near  5  <1 ;  at  "his  energj”,  the  3w^/2  emission  increases  abruptl;^  by 
more  than  an  order  of  magnitude.  Above  5  ■!,  these  radiations  scale  together 
with  increasing  laser  energy  and  plasma  scalelength.  This  positive 
correlation  of  3<J^^/2  with  energetic  x-ray  intensities  as  both  irradiance  and 
scalelength  are  varied  (a  correlation  with  a  two-dimensional  parameter 
variation  rather  than  the  usual  one  dimension)  supports  suprathermal- 
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electron  generation  by  a  process  because  3<^^/2  emissicn  is  indicative 

of  olasta  density  fluctuations  near  n  /'•*. 

c 

C,  ?IASVA  INSTABILITIES  AT  QUARTER -CRITICAL  DENSITY 

PlasTia  instabilities  which  could  drive  plasna  waves  near  n^/L  'and  the 

resultant  suprathermal  electrons),  are  the  convective  Raman,  the  absolute 

Raman,  and  the  2^  orocesses.  Growth  rates  and  thresholds  for  these 
?  " 

processes  have  been  evaluated  for  the  plasma  conditions  in  this  experiment. 
Both  collisional  and  Landau  damping,  as  well  as  the  effect  of  inhcmogeneity 
in  the  underdense  region  are  included  in  these  calculations. 

For  the  convective  Raman  process,  the  number  of  e-foldings  in  intensity 
is  given  by:^"*’^^ 


N  =  2TrY^/(7  V,K' ) 
e  o  3  -I 

where  the  homogeneous  growth  rate  f ^  is 

Y  =  k-  V  /4(a)  /u)  , 

O  L  O  D  3  ’ 


and  the  mismatch  K'  is 


K' 


=  aj^/(2L  [-l/( 


The  group  velocities  =  c^  ~  3  v^k^/o)^  correspond  to  the 

scattered  and  Langmuir  waves  with  wave  number  (frecuency)  values  of  } 

3  3 

and  respectively.  The  laser  is  incident  from  the  +x  direction  with 

wave  number  k^  in  the  plasma  and  produces  an  electron  quiver  velocity  v_^  in 
the  plasma.  The  value  of  v^  in  this  paper  is  twice  the  value  of  v^  in  refs. 
5 5, and  59 1 •  Tor  a  laser  of  wavelength  1 


’ 

1^9 


in  dm  and  with  irrradiance  I 


in  W'/  cm  ,  V  =  2?.bA  I  in  cm/s.  The  nlasma  frecuency  is  =  v  /A„,  and 
o  o  *  -  p  e 

the  electron  thermal  speed  is  v  =  (T  /m)^'^^. 

e  e 

For  the  longest  scalelensth  (L  =  520  um)  and  for  an  irradiance  of  IC^"^ 
W/cm^,  ve  find  the  number  of  convective  Raman  e-foldings  <  0.9  in  the 

^i\o 

underdense  region  where  0.05  <  n/n  <  0.2U0.  For  smaller  values  of  n/n  , 

c  c 

the  Langmuir  waves  are  strongly  Landau  damped.  As  the  density  approaches 

n  /U,  the  evaluation  of  by  the  WKB  approximation  fails, and  these 

c  bnb 

plasma  waves  are  trapped  at  n  A  condition  for  the  breakdown  of  the 

c 

c  g 

VK3  approximation  is  reached  in  this  experiment  for  n/n^  =  0.02l5,  but  for 

n/n  <  0.2U0,  is  at  least  a  factor  of  three  less  than  the  value  at  the 

C  crib 

'.VK3  limit.  We  conclude  that  convective  Raman  is  unlikely'  in  this  experiment 

because  less  than  one  e-folding  of  growxh  is  predicted  at  10^"*  W/cm^  (the 

irradiance  at  5  if  there  is  no  self-focusing)  in  the  region  below  C.2i+n^. 

For  the  absolute  Raman  and  2<d^  processes,  the  following  expressions 

? 

were  used  to  evaluate  growth  rates  for  the  plasma  wave  amplitudes  generated 
by  the  instabilities: 


Absolute  Raman ; 


r_  =  V  /A  )  (3^''^)/Ml-l/(3^'‘*k  L  )(v  /2) 

aco  ono 


T-.o  Flasmon  Decay 


r,  =  k  V  /L[l-3'^''^k  v^/f2v  )  1 -u)  /(Uk  L  )-;y.+v  ,'2) 

^u)  oo  y  o  '0  z)  y  u  ljC  rms 

.w 

where  k  is  the  transverse  momentum  of  tire  olasma  waves.  The  coefficient 
j 

in  the  second  term  of  this  expression  corrects  an  error  in  ref.  " 
(see  the  linear  fit  in  Fiw.  U-Lu  cf  this  reference).  Also,  the 


inncmogeneoas  term  has  been  modified  to  correspond  to  the  definition  of 
in  this  paper.  To  account  phenomenologicallj'-  for  damping,  the  rates  for 
landau  damping'’'^  (Y.)  and  electron-ion  collisional  damping'^^  (v^)  are 
subtracted  from  these  growth  race  expressions.  Tor  the  lu)  process,  zwo 
plasma  waves  are  generated;  the  total  damping  rate  for  each  wave  is  oaken  tc 
be  the  sum  of  the  Landau  and  collisional  damping  rates  and  the  rms  value  of 
the  total  damping  rate  for  the  two  waves  is  used  to  evaluate  the  growth 


Thresholds  (zero  growth  rate)  and  growth  rates  at  10^^  W/cm*^  (the 
irradiance  at  1  J  if  there  is  no  self-focusing)  are  listed  in  Table  I  for 
these  processes.  Tor  the  process,  a  plasma  temperature  of  cCC  eV  near 
n^/4  is  taken  from  the  hydrodynamic  calculations  for  this  short-pulse 
energy.  The  calculated  growth  rates  at  long  scalelength  for  both 
instabilities  and  at  short  scalelength  for  the  2w  instability  allow  several 
e-fcldings  of  growth  during  the  300-psec  laser  pulse.  The  lower  thresholds 
and  faster  growth  rates  for  the  2(*)  instability  suggest  that  this  process  is 
the  more  likely  source  of  suprathermal  electrons  in  this  experiment,  at 
least  at  low  short-pulse  energy.  F'arthermore ,  this  instability  most  easily 

accounts  for  the  double-peaked  spectra. 

The  measured  values  of  the  hot-electron  temperature  are  significantly 

less  than  temperatures  associated  with  electrons  trapped  in  the  most 

v-nstable  plasma  waves  associated  with  these  instabilities.  Calculated 

values  of  at  threshold  for  the  process  are  presented  in  Tig.  1^  in 

o  p  " 

terms  :f  the  wave  number  k  transverse  co  th.e  direction  of  laser 

V 

propagation.  The  plasma  waves  are  strongly  damped  at  the  larger  k_  values, 
predominantly'  by  landau  damping.  The  minima  of  the  curves  for  1  =  1^*0  um 


(short  scalelength)  and  1^  =  220  dm  (icng  scalelength)  correspond  to  the 
threshold  values  in  Table  I  for  twc-olasnron  decay.  These  most  unstable 


waves  ccrrsspona  oo  ”  c.02  for  botn  snort  and  long  3cale_angtn  plasmas. 

y  b 

Using  ohe  -n-  and  k-matching  relations  for  the  three  waves  of  the 

instability  and  for  the  conditions  of  this  experiment,  we  find  with  this 

transverse  momentiim  that  the  two  plasma  waves  have  0.17  and  k-'^^  ” 

0.02.  If  the  hot-electron  temperature  is  given  by  the  energy  associated 

with  the  phase  velocity  V  of  the  most  unstable  waves,  then  the  plasma-wave 

?n 

dispersion  relations  give: 


=  =  T,!3+(a^)- 


where  T  :s  T.e  'lasma  thermal  temnerature.  For  the  larger  kk^  value  and  T 
e  ‘  ‘  ^  i 

=  oil  eV  ,  i*.  ,  E: .  -  imclies  T,  >  ICC  keV,  which  is  more  than  an  order 

of  magnitude  larger  than  the  measured  values  of  (see  Fig.  10).  The 
measured  hot -electron  temperatures  correspond  to  plasma  waves  with  =• 

0.25  to  l.u,  which  are  strongly  damped  and  therefore  less  likely  to  be 
unstable. 


V.  PERT'JBBATTONS  TC  THE  PLAStdA  .\ND  SELF -FOCUSING 


A.  Temperature  Fertubations 


Perturbations  to  the  background  plasma  by  the  3C0-pseG,  high-irradiance 
laser  bean  are  not  completely  eliminated  by  using  a  short  pulse-duration; 
additional  plasma  heating  does  result  from  the  high  intensity  of  this  pulse. 
Temperatures  of  the  background-plasmas  that  are  heated  by  the  long  pulse 
onl;^  and  temperatures  of  the  perturbed-nlasmas  that  are  heated  by  both  laser 
pulses  are  determ' ned  by  time-resolved  measurements  of  the  thermal  x-ray 


emission.  Two  detectors  are  used,  wit'n  K-edge  filters  t'nat  are  designed  to 


detect  1  to  1.5  and  2  to  2.;:  keV  photons,  respectively.  Measurements 
with  identical  filters  on  these  two  detectors  are  made  to  correct  for 
different  detector  sensitivities.  Each  detector  consists  of  a  1.6-nm  thick 
cuenched  (3fj  benoophenone)  plastic  scintillator^'^  coupled  to  a  vacuum 
photodiode  giving  an  overall  response  time  “  0.7  nsec.  Oscilloscope  traces 
for  these  two  detectors  (Fig,  l6)  show  a  subnanosecond  radiation  spike, 
associated  with  the  short  laser  pulse,  occurring  near  the  peak  of  the  longer 
duration  x-ray  pulse  that  is  associated  with  the  long  laser  pulse.  X  rays 
from  the  long  pulse  are  time-resolved,  but  the  short  pulse  is  time- 
integrated  by  the  detector.  For  a  Maxwellian  electron-energj’  distribution, 
temperatures  may  be  determined  from  the  two  detector  signals  because  the 
ratio  of  the  signals  is  a  strong  function  of  plasma  temperature  for 
temperatures  <  TOO  eV.  Background-plasma  temperatures,  evaluated  at  maximum 
x-raj*  emission  of  the  long  pulse,  are  310,  350,  and  370  eV  for  the  short. 

One  possible  explanation  for  the  measured  small  T, -values  is  that  the 
transfer  of  energy  from  the  plasma  waves  to  the  electrons  may  be  preceded  by 
wave  energy  cascading  from  the  driven,  small-k  modes  (which  are  weakly 
damped)  to  the  larger-k  modes  which  are  more  strongly  coupled  to  the 
electrons  by  Landau  damping.  This  process  has  been  predicted 
theoretically^^  and  has  been  observed  in  computer  simulations  of  the  2w^  and 
Raman  instabilities.^^  Experimental  evidence  has  also  been  obtained  for  ion 

waves  that  may  cause  this  mode-coupling  of  electron  plasma  waves, 
medi'om,  and  long  scalelength  conditions,  respectively.  These  values 

represent  averages  over  6-7  shots  where  the  shot-to-shot  variation  is  < 

-105.  These  temperatures  are  consistently  higher  than  the  the  time- 
integrated  measurements  (see  Sec.  IV),  as  one  intuitively  expects. 

Perturbed  plasma  temperatures,  determined  from  ratios  of  the  peaks  of  the 
short  x-ray  pulses,  are  plotted  in  Fig.  17  as  a  function  of  the  short-pulse 
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energy  and  vacuum  intensity  for  the  three  scalelength  conditions.  The  time- 


resolved  background-plasma  temperatures  are  displayed  as  dashed  lines  for 
ccmpariscn.  These  results  indicate  that,  on  the  average,  the  plasma  thermal 
temperature  is  increased  by  30— due  to  the  high-irradiance  short  pulse. 
Because  these  detectors  integrate  the  short  x-ray  pulse,  the  perturbed- 


plasma  temperatures  represent  lower  limits  on  the  plasma  heating;  the 
temperature  increase  may  be  larger  than  indicated  by  these  measurements. 

B^ydrodynamic  simulations  of  the  experimental  conditions  are  also  used 
to  assess  perturbations  to  the  plasma  by- the  short-pulse  beam.  For  these 
simulations,  temporally  and  asimuthally  averaged  radial  beam  profiles  of  the 

L  O 

two  incident  laser  pulses,  based  on  experimental  measurements,  are  used. 

The  simulations  provide  temperature  and  density  profiles  of  the  target 
plasmas  as  as  a  function  of  time  during  the  laser  pulses.  These  profiles  are 
used  to  calculate  free-bound  x-ray  radiation  spectra  for  comparison  with  the 
experimental  measurements.  Temperatures  are  derived  from  the  slopes  of  the 
calculated  x-ray  spectra  in  the  1  to  3  keV  region.  Background-plasma 

temperatures  are  computed  from  spatially  averaged  instantaneous  spectra  at 
the  peak  of  the  long  laser  pulse;  the  condition  corresponding  to  the  time- 

resolved,  background-plasma  temperature  measurements.  Calculated 
temperatures  for  the  short  and  long  scalelength  plasmas  are  360  and  ^+05  eV, 
respectively;  which  are  lC-15fo  higher  than  the  measured  background-plasma 
temperatures.  Perourbed-plasma  temperatures  are  computed  from  x-ray  spectra 
which  are  integrated  spatially  over  the  entire  plasma  (but  subtracting  cun 
the  contribution  of  the  long  pulse  using  a  separate  computer  ran  with  no 
short  pulse)  and  temporally  over  the  short  pulse  duration;  the  condition 
corresponding  to  the  perturbed-plasma  temperature  measurements.  Calculated 
temperatures  for  short-pulse  energies  of  5  o  and  25  C,  for  short  and  long 
plasma  scalelengths  are  shewn  in  Fig.  IT.  The  calculated  temperatures  are 


consistently  higher  than  the  experimental  values,  but  calculated  ratios  of 
the  temperature  increase  due  to  pertubaticn  by  the  short  pulse  are  in  good 
agreement  vith  the  ratios  cased  on  the  measured  temperatures.  The  larger 
calculated  temperatures  may  be  due  to  the  fact  that  refraction  of  the 
incident  laser  beam  in  the  underdense  region  is  not  included  in  the 
calculations.  Only  a  small  amount  of  refraction  would  be  required  to 
increase  the  heated  target  area  by  the  lOfo  needed  to  explain  the 
discrepancy. 

B.  Density  Perturbations  and  Self-focusing 

The  hydro-code  predicts  two  types  of  density  pertubations  that  result 

from  the  higher-intensity  short  pulse.  At  the  higher  pulse  energies,  an 

axial  shock  propagates  down  the  background  density  gradient,  driven  by  the 

increased  mass  ablation  rate  due  to  the  higher  incident  intensity.  In  Fig. 

18  is  shown  the  temporal  evolution  of  the  axial  density  and  velocity 

profiles  for  a  case  with  25  J  of  energy  in  the  short  pulse  incident  upon  a 
long-scalelength  background  plasma.  Note  the  rather  large  perturbations  of 

the  density  and  velocity  scalelengths  near  n^/4  at  a  time  shorty  after  the 

peak  of  the  short  pulse.  The  location  of  this  shock  temporally  and 

spatially  is  sensitive  to  the  details  of  the  experimental  conditions.  It 

may  explain  in  part  the  increased  scatter  in  the  energetic  x-ray  intensities 

at  higher  short-pulse  energies  (see  Fig.  11)  as  well  as  the  falloff  in 

backscatter  reflectivity  (see  Sec.  Ill  B).  A  second  type  of  density 

perturbation  results  from  the  radial  pressure  imbalance  caused  by  localized 

heating  in  the  high  intensity  channel.  Shown  in  Fig.  19  are  radial  density 

and  temperature  profiles  predicted  by  the  hydrodynamic  simulations  at  two 

axial  locations;  one  near  n  and  the  cuher  near  n  /lO.  Four  cases  are 

c  c 

represented  near  the  extremes  of  the  experimental  conditions:  namely  low 
(5  <I)  and  high  (25  1)  short  pulse  energies  and  short  and  long  background- 


plasma  scalalengths.  The  on-axis  density  depression  An/n  increases  with 
both  increasing  energy  and  increasing  scalelength,  ranging  from  a  negligible 
level  at  low  energy  and  short  scalelength  to  nearly  13^  at  n^/4  for  the  25 
.J,  long-scalelength  case.  It  should  be  emphasized  chat  these  calculations  do 
not  include  laser  beam  refraction  (self-focusing)  due  to  these  plasma 
density  perturbations;  therefore,  these  calculations  probably  underestimate 
the  actual  perturbations,  and  they  serve  mainly  as  a  guide  to  the  potential 
for  induced  radial  perturbations. 

Time-integrated,  spatially  resolved  images  of  second-harmonic 

emission  can  provide  experimental  evidence  for  such  plasma  perturbations  and 

for  self-focusing  at  the  higher  incident  laser  intensities.**^  Light 
emitted  from  the  plasma  parallel  to  the  target  is  collected  and  collimated 

with  an  f/2.3,  10-cm  focal-length  lens,  then  imaged  onto  film  with  a  5C  cm 

lens  to  produce  a  recorded  magnification  of  5.  A  narrow -bandpass 

interference  filter  (12-A  FWEM)  is  used  to  select  the  second-harmonic 

wavelength  (52?  rm).  A  Wollaston  prism  is  used  on  some  shots  to  obtain  two 

separate  images  of  the  orthogonally  polarized  2w^  light. 

A  threshold  is  observed  where  the  patterns  of  2io^  emission  change 
dramatical!;'.  At  low  short  pulse  energies  corresponding  to  vacuum 
intensities  <  3x10^**  W/cm^,  a  large  region  of  weak  2uj^emission  is  observed 
in  the  region  corresponding  to  the  "  1  mm  spot  diameter  of  the  long  pulse 
beam.  This  is  primarily  plasma  continuum  radiation  that  falls  into  the 
bandbass  of  the  filter.  There  is  an  additional  region  of  amission  between 
the  n  and  n  /I  density  region  with  transverse  dimension  comparable  to  that 
of  the  high-intensity  beam.  This  is  primarily  2m^  emission  as  verified  by 
filter  substitution  at  nearby  wavelengths.  There  is  no  evidence  in  the 
Icwer-intensity  shots  tnat  the  background  plasmas  are  appreciably'  perturbed. 
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At  higher  intensities  (^3x10'^**  W/cm^),  in  addition  to  the  unpolarized 
light  from  the  n^  to  region,  intense  filamentary  structures  (polarized 

normal  to  the  direction  of  laser  beam  propagation)  appear  far  from  the 
target  surface  (up  to  “  1  mm),  corresponding  to  background-plasma  densities 
between  0,01  and  0.1  n^.  These  often  appear  as  multiple  bursts  of  about  ICO 
Um  length  and  <  5  Wm  diameter.  The  polarization  of  the  emission  from  the 
region  far  from  the  target  is  consistent  with  second-harmonic  emission 
produced  by  an  electric  field  vector  oscillating  along  a  radial  density 
gradient,  as  expected  if  a  density  channel  existed  along  the  laser  axis; 
this  is  in  contrast  to  the  polarization  observed  for  the  light  from  the 
higher  density  region  which  is  more  consistent  with  an  electric  field 
oscillating  along  a  density  gradient  parallel  to  the  laser  axis. 

The  distance  from  the  target  at  which  the  filamentary  structures  first 
appear  increases  with  the  scalelength  of  the  preformed  plasma.  Furthermore, 
the  background-plasma  density  corresponding  to  this  distance  also  decreases 
with  increasing  scalelength  (from  0.08  n^  in  the  long-scalelength  plasma  to 

0.2  n  at  short-background  scalelength.  All  of  these  2w  observations  are 

c  ^ 

consistent  with  self-focusing  of  the  incident  laser  beam  in  the  underdense 
region,  which  can  result  from  the  creation  of  a  density  channel  a^-ong  tne 
laser  axis. 

Theoretical  estimates  and  computer  simulations  support  the 
interpretation  of  self-focusing  of  the  high-intensity  laser  beam.  A  steady- 
state  treatment  of  self- focusing,  including  ponderomotive  and  thermal  terms, 
shows  that  under  the  conditions  of  this  experiment:  l)  the  convective  growth 
lengths  are  indeed  short  enough  to  allow  significant  filamentation,  and 
the  ponderomotive  term  dominates  the  thermal  term  in  the  far  underiense 
plasma.**^  The  calculations  support  the  experimental  observations  that:  l) 
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the  seif-focusing  occurs  at  a  very  low  plasnia  density  (n  <  0.1  n^)  in  the 
long-scalelength  plasma,  2)  the  distance  from  the  target  at  which  the  bean 
self-focuses  increases  with  plasma  scalelength  and  2)  the  density  at  which 
self-focusing  occurs  decreases  with  increasing  plasma  scalelength.  The 
production  of  second-harmonic  emission  in  these  very  underdense  filaments 
has  been  explained  by  a  theoretical  model  involving  the  interaction  of  the 
incident  laser  beam  with  reflected  or  backscattered  light.'**’  While  the 
observed  trend  toward  increased  self-focusing  at  lower  densities  for  longer 
scalelengths  is  somewhat  troubling  for  laser  fusion,  it  must  be  remembered 
that  this  experiment  is  particularly  susceptible  to  self-focusing  due  to  the 
low  plasma  temperatures  and  small  focal  spot  sizes  with  strong  radial 
gradients. 

VI.  SUMMARY  AND  CONCLUSIONS 

In  this  paper  we  describe  a  new  technique  for  simultaneously  generating 
high  intensities  and  long-scalelength  plasmas  which  are  of  interest  for 
absorption  studies  relevant  to  high-gain  systems.  It  involves  the  use  of  a 
two-beam  system  where  a  high-intensity,  short-pulse  beam  is  tightly  focused 
onto  a  long-scalelength  preformed  background  plasma  generated  by  a  large 
focal  diameter,  long-duration,  low-intensity  beam.  For  a  given  laser  energy, 
this  method  allows  the  production  of  a  much  longer  plasma  scalelength  than 
is  possible  with  a  single  beam  at  high  intensity.  An  additional  advantage  of 
such  a  system  is  that  it  allows  independent  control  of  the  incident 
intensity  and  plasma  scalelength.  It  also  allows  more  independent  control  of 
plasma  temperature  than  with  a  single  beam. 
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The  new  ":echnique  also  has  some  drawbacks.  One  disadvantage  is  that  the 
plasma  temperatures  are  lower  than  those  anticipated  for  high-gain  laser 
f'jsion.  There  are  two  other  inherent  limitations:  l)  The  limited  diameter 
of  zhe  hign  intensity  beam  may  prevenm  adequate  simulation  of  plasma 
instabilities  (e.g.  3rillouin  sidescatter)  that  require  a  large  transverse 
scalelength,  and  2)  the  high  intensity  beam  may  perturb  the  long-scalelength 
background  plasma,  clouding  the  interpretation  of  the  results  and  making 
extrapolation  to  high-gain  systems  difficult. 

These  difficulties  can  be  overcome  somewhat  by  increased  laser  energy. 
With  more  energy  the  spot  size  of  the  high-intensity  beam  can  be  increased. 
This  increases  the  radial  scalelengths  to  allow  transverse  growth  of  plasma 
instabilities  and  reduces  the  lateral  gradients  that  drive  the  radial 
perturbations.  The  axial  plasma  perturbations  are  somewhat  more  difficult 
to  control.  Basically,  there  are  two  competing  effects.  Reducing  the  the 
pulse  length  of  the  high-intensity  beam  will  reduce  the  effect  of  the  axial 
shock  wave  if  the  high-intensity  interaction  is  completed  before  the  axial 
shock  reaches  the  underdense  region.  On  the  other  hand,  shortening  the  pulse 
duration  might  also  limit  the  growth  of  some  plasma  instabilities  of 
interest. 

These  experiments  provide  the  first  direct  measurements  of  the 
variation  with  plasma  scalelength  of  absorption  phenomena  important  to  high- 
gain  systems;  however,  extrapolation  of  these  results  to  high-gain  systems 
must  be  done  with  some  care.  The  results  that  are  most  relevant  to  high- 
gain  systems  are:  l)  the  limitation  of  absorption  by  backscatter  at  longer 
scalelength,  2)  the  increased  production  of  energetic  electrons  at  longer 
scalelength,  and  3)  the  onset  of  self-focusing.  The  scaling  of  each  of  these 
results  is  discussed  below: 
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l)  Absolution 


If  ve  restrict  ourselves  to  low  incident  energies  where  the  effects  cf 
plasma  perturbations  are  expected  to  be  minimal,  the  results  of  the 
scattered  light  measurements  outside  the  focal  cone  indicate  that 
collisional  absorption  becomes  increasing!;/'  affective  at  longer 
scalelengths.  At  the  same  time,  the  levels  of  bacltscatter  are  found  to 
increase  at  longer  scalelengths  (at  mid  10*“*  V/cm“  backscatter  reaches  >2C% 
for  the  longest  scalelength) .  In  Appendix  I,  this  observed  variation  of 
backscatter  with  scalelength  is  seen  to  agree  with  linear  SBS  theory  if  the 
noise  source  for  the  instability  is  specularl;/’  reflected  light,  which 
decreases  with  increasing  scalelength.  At  the  longest  scalelength  of  this 
experiment,  collisional  absorption  nearly  saturates  and  the  increased 
backscatter  limits  the  overall  absorption.  /\s  pointed  out  in  the  Appendix 
and  in  Secs.  Ill  3  and  III  0,  the  exact  levels  of  backscatter  in  a  high-gaii 

e 

system  also  depend  upon  instability  noise  levels,  which  may  be  ver;^ 
different  from  these  of  the  experiment.  Nevertheless,  the  increase  of 
backscatter  with  scalelength  that  is  observed  in  this  experiment,  coupled 
with  the  agreement  with  33S  theory,  raises  serious  concern  that  a  narrow- 
bandwidth,  1  lira  laser  system  will  have  unacceptably  high  levels  of 
backscatter  at  the  much  longer  scalelength  of  a  high-gain  system. 

2)  Energetic  Electrons 

The  correlation  of  energetic  x  rays  and  light  provides  evidence 

for  the  production  of  energetic  electrons  in  the  underdense  region  near 
n  /u-.  This  is  iratertant  for  laser  Tasion  because  laser  light  is  exrected  t; 
reach  the  n^/U  region  even  for  the  longer  scalelengths  associated  with  high- 
gain  systems.  If  the  energetic  electrons  were  produced  near  the  critical 
surface  as  in  many  shcrt-scalelength  experiments,  they  would  be  of  less 
concern;  in  the  longer  scalelengths  of  high-  gain  systems,  onli'  a  small 
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percentage  of  the  incident  laser  light  is  expected  to  reach  the  critical 
surface. 

Evidence  for  two  thresholds  for  the  onset  of  hot-electron  production  is 
found,  one  with  increasing  plasma  scalelength  at  low  laser  intensity  and 
another  with  increasing  intensity  at  short  plasma  scalelength.  While  the 
level  of  energetic  electron  production  is  of  some  concern,  direct 
extrapolation  of  the  levels  and  temperatures  of  the  hot  electrons  to  high- 
gain  systems  is  difficult  because  the  scaling  laws  are  not  well  known. 
However,  these  results  provide  valuable  benchmarks  for  theoretical  or 
computational  models  that  are  used  for  scaling  to  high  gain  systems. 

3/  Self-focusing 

Evidence  for  self-focusing  in  the  far  underdense  plasma  (n  <  0.1  n^ )  is 
found  in  filamentary-  emission  of  2«)^  light  far  from  the  target  surface. 

This  result  is  not  directly  scalable  to  high-gain  systems  because  this 
particular  experiment  is  highly  susceptible  to  self-focusing  due  to  the 
strong  radial  pertubations  of  the  plasma.  The  high  energy  beam  in  effect 
acts  like  a  hot  spot  in  a  colder  background  beam;  at  the  highest  short-pulse 
intensities,  this  hot  spot  represents  a  100:1  intensity  modulation  over  the 
background-intensity,  far  more  than  the  few  percent  envisioned  for  high-gain 
laser  fusion.  However,  the  results  of  this  experiment  have  demonstrated  2(jj 
light  as  a  diagnostic  for  detection  of  self-focusing.  Moreover,  the  gcod 
agreement  between  the  computational  model  for  self-focusing  and  the 
experiment'**’  gives  some  confidence  in  the  ability  of  present  theory  to 
predict  self-focusing  in  high-gain  systems. 

The  results  of  this  experiment  indicate  that  narrow-bandwidth  1 
laser  light  is  '/ery-  likely  to  have  considerable  difficulties  as  a  driver  for 
high-gain  systems  due  to  reduced  absorption  efficiency  and  increased 
energetic  electron  production  at  longer  plasma  scalelengths .  Hcpef'uily, 


proposed  mechanisms  such  as  shorter  laser  wavelength  and  wider  laser 
handwidth  will  be  sufficient  to  control  the  plasma  instabilities  that  cause 
these  absorption  difficulties. 
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APPENDIX  I.  Brillouin  Backscatter  Calculation 


-As  discussed  in  Sec.  Ill  3,  a  simple  model  for  calculating  Brillouin 
dackscatter  reflectivity  is  constructed  in  order  to  determine  whether  the 
observed  increase  of  reflectivity  at  long  scalelength  is  consistent  with 
SBS.  The  reflectivity  R  varies  as*’^ 

R(l-R)  =  3  exp;N(l-n}  -  R|  (l; 


where  3  is  the  noise  level  fro: 
number  of  linear  e-f;liir.ws  ;f 


M  is  a  finncticn  of  the  re'^cr.ant 


which  the  dackscatter  grows  and  N  is  the 
;ne  instability.  In  an  inhomogeneous  plasma, 
ier.stty  wnere  tne  fre-'cencies  a)  and  the  wave 


vectors  k  of  the  three  wav- 
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The  subscripts  o,  1,  and  s  refer  to  the  inci  lent  electromagnetic 
scattered  light  wave,  and  tne  excited  sound  wave,  respect ivel;,'  ( 
discussion  the  k's  are  magnitudes  and  the  signs  for  dackscatter 
explicitly).  .As  the  waves  propagate  away  from  the  resonance  coin 
change  according  to  the  lab-frame  dispersion  relations  for  the  t 


wave,  the 
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wnere  13  the  spatially  var^-ing  plasna  frequency,  c  is  the  speed  of  light 
in  vacuum,  and  u  is  the  spatially  var^'ing  flow  velocity.  The  displayed  sig 
corresponds  to  a  flew  velocity  that  is  antiparallel  to  as  appropriate 

for  the  experiment.  The  lebye  length  =  v  /oi)  where  v  =  fT  is  th 

thermal  speed  of  the  electrons  at  temperature  T^.  The  acoustic  speed  is  c__ 
=  +  3T^.  } /M]  ^ for  ions  of  charge  Z,  temperature  T,.  (assumed  to  be 

equal  to  in  our  calculaoions ) ,  and  mass  M.  As  the  k's  change  according 
to  Eq.  3  with  distance  o  from  the  resonance  point,  a  mismatch  K  =  k^  +  k_j.  - 
k^  develops,  reducing  the  Hrillouin  gain  fren  its  value  at  resonance.  If 
the  mismatch  K  varies  linearly  with  the  growth  region  around  the 

resonance  point  z  =  extends  from  -z^  to  +z„  where  the  turning  point  z^  = 
(l/K')  [2Y  /(v  +  r  /v  1.  Here  •  is  the  damping  rate  for  the  sound 

OS-j  SS  3 

wave  (taken  to  be  C.l  W  for  this  calculation),  v  =  -u  + 

s  3 

c  / ( 1+k^A^: ) and  v^  =  c(l-n/n  )^^^  are  the  group  velocities  of  the  sound 
and  backscattered  waves,  and  K'  =  iK/dz  is  the  rate  of  change  of  the  linear 
mismatch.  The  homogeneous  S2S  growth  rate  Y  =  v  /C/U  .  (c/c 

0  C  pi  3 

(ck_/tu^)^  where  is  the  ion  plasma  frequency.  The  number  of  linear  35 
e-foldings  within  the  resonance  region  -z^  <  (z-z^)  <  +z^  is  given  by^*^^^ 


IJ  =  2m  V,  V  ) 

0  i-»  3 


The  number  of  e-foldings  is  indeoendent 


at  the  resonance  ocint 


of  the  rescnanca  region. 


expression  for  is  obtained' 
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X'  =  d(:<  +  k.  k  )/dz  =  [(n/n  'k  /(1-n/n  ’> -k ' ZVAD  ]  /  L  *k  'PL  -k  /2MADL 


In  order  to  calculate  'I,  a  resonant  density  n  is  selected  and  the 
tanperature  T,  the  velocity  u,  and  the  scalelengths  L^,  and  are 
determined  from  the  hydrodynamics  calculation.  A  case  with  5  1  in  the  shor 
pulse  is  chosen  so  as  to  avoid  uncertainties  raised  by  the  severe  plasma 
pertubations  and  self-focusing  at  higher  energies.  The  number  of  linear  e- 
foldings  is  then  determined  from  Eqs.  (it)  and  (5)*  In  calculating  N,  the 
incident  intensity  is  assumed  to  be  constant  within  the  interaction  region. 
This  constant  value  is  the  intensity,  reduced  by  collisional  absorption, 

that  penetrates  to  the  resonant  point  in  the  hydrod;>"namic  calculation. 
Because  of  the  large  depth  of  focus  of  the  incident  beam,  no  intensity 

adjustment  is  required  for  beam  convergence  within  the  resonance  region.  A 
a  final  step,  the  linearity  of  K  is  checked  within  the  resonant  region;  in 
all  cases,  the  linear  mismatch  approximation  appears  to  be  justified.  In 
the  few  cases  with  the  most  nonlinear  K's,  the  linear-mismatch  ass-umpticn  i 
checked  further  by  calculating  the  SBS  growth  with  a  me  del  ir.  ■- c  ich  the  gai 
Y(c)  is  allowed  to  vary  according  to  the  local  value  of  ‘1,'“  in  ever:  the 
worst  cases,  the  number  of  e-foldings  within  the  interaction  region  was 
within  ICfa  of  the  linear-mismatch  model. 

By  var^^ing  the  optimal  region  for  Brillouin  growth  is  identified 

For  the  short-scalelength  plasma  with  5  J  incident  in  the  short  pulse,  6.c 
linear  e-foldings  of  Brillouin  growth  are  predicted  at  the  optimal  resonant 


density  of  Q.u  n^  (with  the  growth  region  spanning  0.35  n^  <  n  <  G.45 
r^/u)  =  C.l).  The  model  predicts  10. 9  linear  e-fcldings  in  the  long- 


scalelength  case,  ccu  greater  than  the  number  for  the  short  scalelength 


case . 


The  optimal  resonance  region  is  centered  at  0.3  n^  and  extends  from 


Wiile  the  number  of  linear  e-folds  nearly  doubles  in  the  Icng- 
scalelength  case,  as  expected,  the  comparison  of  Zq.  (l)  and  the  observed 
data  depends  upon  the  noise  level  3  as  well  as  upon  the  number  N  of  e-fclds 
For  this  calculation  it  is  assiomed  that  the  noise  source  for  33S  growth  is 
incident  light  that  penetrates  to  the  critical  surface  and  is  specularly 
reflected. Given  the  experimentally  inferred  angular  distribution  of 
light  relected  outside  the  incident  lens  (Fig.  5A),  the  fraction  of  the 
total  specular  light  that  is  reflected  back  into  the  lens  cone  is  found  to 
be  0.25fo  by  integration  over  the  solid  angle  subtended  by  the  lens.  The 
total  specular  scatter  with  5  J  incident  is  seen  from  Figs.  53  and  53  to  be 
about  5%  for  the  short-scalelength  plasma  and  0.5f»  for  the  long-scalelength 
plasma.  Thus,  ohe  level  of  this  noise  source  is  1.25x10“**  for  the  short- 
scalelength  plasma.  The  increased  collisicnal  absorption  in  the  long- 
scalelength  plasma  reduces  this  noise  source  by  an  order  of  magnitude  below 
the  level  for  the  short-scalelength  plasma. 

If  specular  reflection  provides  the  noise  source  for  SES,  the  number  o 

linear  e-folds  must  be  taken  near  the  Mach-one  region, rather  than  the 

region  of  optimal  gain.  With  a  nearly  stationar;;,'  critical  surface 

where  A  =  (1+k^  D  =  1  -  (l/MA),  and  the  mach  number  M  =  u/c  .  The 

s  u  3 

scalelengths  L  ,  L^,  L  ,  for  the  density,  temperature,  and  velocity  have  a 
sign  as  well  as  a  magnitude;  for  example  =  n/(dn/dz)  <  0  if  dn/dz  <  G. 
(predicted  by  the  hydrocode  due  to  the  long  pulse  used  zo  establish  the 
density  profile),  the  specular  light  in  the  lab  frame  has  almost  no  Doppler 
shift  from  the  incident  laser  frequency.  The  frequency  matching  condition 
for  SES  (Zq.  2.^)  then  requires  that  the  lab  frame  acoustic  frequency  (Zq. 

3B)  vanish.  This  happens  when  the  Mach  number  M  =  (1  +  k^  near  the 

Mach-one  point.  Fortuitously' ,  the  region  of  optimal  SES  growth  found  for 


the  short -scalelength  plasma  is  in  this  sane  region,  in  the  long- 

scalelength  plasma,  however,  the  matching  condition  with  specular  light 

occurs  at  n  =  G.25  n  where  the  calculated  number  of  e-fclds  .7  =  1C. 2, 
res  c 

rather  than  the  10.5  found  above  for  the  optimal  resonant  density. 

A  comparison  is  now  made  between  the  calculated  number  of  e-folds  and 
the  number  required  by  Eq.  (l)  to  produce  the  observed  reflectivity  with  th 
observed  specular  noise  levels.  For  the  short-scalelength  plasma  with  the 
observed  reflectivity  of  5.55,  Sq.  (l)  yields  6.U  linear  e-folds  which  is 
well  within  the  estimated  iC%  uncertainty  of  the  calculated  6.6  e-folds. 
Similarly,  with  the  reduced  noise  level  at  long-scalelength,  Eq.  (l) 
requires  9.^  e-folds  to  give  the  8"  reflectivity  of  Fig.  6C  at  5  J  incident 
within  lOfj  of  the  calculated  value  of  10.2  e-folds.  This  agreement  proves 
neither  that  the  backscatter  is  due  to  SBS  nor  that  specular  reflection  is 
the  noise  source;  however,  the  calculation  does  show  that  the  observations 
are  consistent  with  both  of  these  hypotheses. 
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Density  along  the  axis  normal  to  the  target  surface  for  the  (A) 
short,  (D)  medium,  and  (C)  long-scalelengtli  background  plasmas. 
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(B)  medium,  and  (C)  long-scalelengtJi  background  plasmas. 
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''a)  Angular  iistributions  of  light  scattered  outside  the  lens  cone 
for  Z  =  10  .J.  Reflectivities,  ir.tergrated  over  angles  for;  (5' 
short,  (C),  .tedi’un,  and  (D)  long-scalelength  background  plasnas. 
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Fig.  T  Cumparisori  between  experimental  absorption  fractions  (narrow  bars 
and  calculated  collisional  absorption  (solid  curve  with  wide  bars 
to  indicate  uncertainties)  for  (A)  short,  (B)  medium,  and  (c) 
long-scalelength  background  plasma. 
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Fig.  8  (a)  Backscatter  reflectivity  through  lens,  R,  and  (3)  integrated 

reflectivity  over  other  angles,  S,  as  a  function  of  the  density 
scalelength  at  quarter-critical  density.  The  scalelength  at 
quarter-critical  density  is  an  indicator  of  underdense  scalelength 
and  it  is  not  chosen  because  absorption  is  believed  to  be 
consentrated  near  that  density. 
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Jig.  12  Hot  electron  fractions  determined  from  x-ray  measurements  as  a 
function  of  the  q_uarter-critical  density  scaieiength.  The  data 
point  at  T  Joules  for  the  short  scaieiength  is  the  detection 
limit. 
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Lg.  li*  Energetic  x-ray  intensity  and  3<^q/2  signal  strength  for  the  sho 
and  the  Icng-scalelength  background  plasmas.  The  data  point  for 
energetic  x  rays  at  5  Joules  and  short  scalelength  is  the  detec 
limit.  At  the  same  energy  and  scalelength  the  3^,./2  emission 
increases  abruptly  by  more  than  order  of  magnitude. 
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Computed  radial  temperature  and  density  profiles  at  a  tine  nea 
the  peak  of  the  short  pulse.  Results  are  shown  near  the 
quarter-critical  and  tenth-critical  densities  for  the  four 
conditions  of  short  and  Icng-scalelength  and  low  and  high  shor 
pulse  energy  near  the  extreme  values  used  in  the  experiment. 
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